Members of a Dutch DFNA13/COLlIA2 family were evaluated with pure tone audiometry, stapedial reflexes, otoacoustic emissions, loudness scaling, difference limen for frequency, gap detection, and speech perception in quiet and noise. The tone audiometry showed a predominant loss for the low and middle frequencies, with only a few otoacoustic emissions at thresholds better than 25 dB hearing level. The stapedial reflexes appeared elevated, and loudness growth curves were shifted parallel tothose for normal-hearing subjects, indicating a shift of the dynamic range toward higher presentation levels. The data for the difference limen for frequency, gap detection, and speech perception in noise fell within the (near-)normal range. Despite elevated thresholds, all suprathreshold functions showed fairly normal properties, suggesting an attenuation of signal energy in the cochlea with limited degradation ofthe cochlea's signal analyzing capabilities. The effect ofDFNAI 3/COLlIA2 may thus becharacterized asa cochlear conductive loss.
INTRODUCTION
Advances in genetics have provided a new tool to distinguish different forms of hereditary hearing impairment. Each form corresponds to a chromosomal location or locus that contains the gene responsible for the hearing impairment (genotype). To date, many more loci than genes involved in hereditary hearing impairment are known, and the numbers of both loci and genes are still increasing. The different gene loci for nonsyndromic, hereditary hearing impairment have been called DFN (DeaFNess) and are numbered in order of discovery. Autosomal dominant loci are referred to as DFNA, autosomal recessive as DFNB, and X-linked as DFN. The Hereditary Hearing Loss Homepage gives an up-to-date review of the genetic features of hearing impairment, and can be consulted online.'
For us to truly understand the genetic basis of hearing and hearing impairment, insights into the genetic code should be correlated with the clinical aspects (phenotype). In other words, a thorough description of the phenotype on the basis of the corresponding genotype is imperative. DFNA13, the 13th locus involved in autosomal dominant, nonsyndrornic hearing impairment, was mapped to chromosome 6p in an American family and, later, also in a Dutch family.2,3 Both families have undergone elaborate phenotypic studies.s-' The trait could be characterized as nonprogressive, presumably congenital, middle-frequency sensorineural hearing impairment. In the Dutch family, an additional high-frequency loss was found. In particular, the younger Dutch patients presented with better hearing levels at 2, 4, and sometimes 6 kHz than at 1 and 2 kHz. Mutations in the COLlIA2 gene were found to be responsible for the hearing impairment present in both families.
Mice deficient in colll a2 exhibit hearing impairment and a loss of organization of the collagen fibrils that are present in the tectorial membrane.' This loss of organization may affect especially outer hair cell function, resulting in specific types of hearing characteristics.
In presbycusis, mechanical changes of the basilar membrane were hypothesized as early as 1919 by Mayer," who showed thickening, calcareous deposits, and occasional calcification ofthe basilar membrane. More recent studies7-9 provide further corroborative evidence of basilar membrane changes at the light microscopic level, eg, by lipid deposition in the co- Mechanical presbycusis is 1 of the 4 kinds of presbycusis postulated by SchuknechtII and Schuknecht and Gacek. 12 "When the increments of threshold loss present a gradually decreasing linear distribution pattern on the audiometric scale and have no pathologic correlate, it is speculated that the hearing loss is caused by alterations in the physical characteristics of the cochlear duct, and the loss is identified as cochlear conductive presbycusis."12(pl) Apart from a slow progression in the loss at the high frequencies and relatively poor speech discrimination, 12 mechanical presbycusis is characterized by the absence of loudness recruitment.P In parallel to the well-known effects of a conductive loss due to impaired sound in the middle ear, we define cochlear conductive loss as a loss ofcochlear sensitivity with (near-)normal suprathreshold characteristics. So, after accounting for the effects of threshold elevation in cochlear conductive loss, measures such as loudness growth functions, frequency selectivity, temporal acuity, and speech perception in noise fall within normal limits.
One may postulate that the loss of organization of the collagen fibrils in the tectorial membrane found in COLllA2 will most strongly affect hearing sensitivity and leave suprathreshold characteristics relatively intact, ie, a cochlear conductive loss.
To outline the DFNAI3/COLllA2 phenotype more precisely and to test the hypothesis of a cochlear conductive loss, we submitted some Dutch subjects to an extended set of audiological tests, namely, stapedial reflexes, otoacoustic emissions, loudness scaling, difference limen for frequency, gap detection, and speech perception in quiet and noise.
METHODS
All members of the previously reported Dutch DFNA13/COLllA2 family-> were contacted, and 14 of them agreed to participate in this study. Subjects who participated in this study are indicated with arabic numerals in the pedigree shown in Fig I. In cases of symmetric loss, the right ear was evaluated; in asymmetric loss, the most affected ear was evaluated.
At the beginning of the experiments, pure tone thresholds were measured with standard audiometric procedures and equipment (Interacoustics AC-40 audiometer fitted with TDH-39 headphones and MX41 AR supra-aural cushions). In addition, loudness dis- comfort levels were measured to provide safe upper limits of stimulus levels for measuring stapedial reflexes.
Stapedial reflexes were measured at the pressure that provided maximum compliance on the tympanogram (Madsen Zodiac 901 tympanometer). Both ipsilateral and contralateral reflex thresholds were established together with the time course of the reflex evoked by pure tone stimuli at 10 dB above reflex threshold during a 10-second interval.
Both click-evoked otoacoustic emissions and dis-tortion-product otoacoustic emissionsv'-l> were measured with ILO-92 equipment (Institute for Laryngology and Otology, London, England). In the distortionproduct otoacoustic emission measurements, the primary stimulating tones had a frequency ratio of 1.2 and a stimulus level of 70 dB sound pressure level.
Loudness scaling was performed on a 7-point categorical scale with loudness categories ranging from inaudible to too loud, modeled after the Wiirzburger Horfeld Skalierung of Moser.I"
The difference limen for frequency (DLf) was mea-Reflex measurements could not be carried out in patient 10 because of lack of airtight sealing of ear canal. >I00 -reflex threshold beyond maximum output of tympanometer; >LDLreflex threshold beyond loudness discomfort level.
STAPEDIUS REFLEX THRESHOLDS IN DECIBELS HEARING LEVEL FOR IPSILATERAL STIMULATION
WITH PURE TONE STIMULI OF 0.5, 1,2, AND 4 KILOHERTZ sured at carrier frequencies of 500 Hz and 2 kHz with FM-modulated pure tones. Stimuli were generated and delivered by an audiometer (lnteracoustics AC-40) and presented at the listener's most comfortable level. The subjects were asked to respond orally as to whether they perceived a stable or a swinging pitch percept. Normal data were established for 7 listeners with normal hearing (NH); none of them had previous experience with psychophysical testing.
Gap detection was measured with gated white noise. After creation of the temporal pattern, some stimuli were digitally filtered to create frequencyspecific stimuli with energy within an octave around 500 Hz or 2 kHz.
Speech perception was measured in quiet and in noise with the procedures and sentence material developed by Plomp and Mimpen.!? Each list consists of 13 sentences of 8 or 9 syllables. The sentences are representative of everyday Dutch. Scores are based on correct repetition of the whole sentence. The performance-intensity function of this material has a slope on the order of 15%/dB around the speech reception threshold (SRT). We employed a one upone down adaptive tracking procedure as advised by Plomp and Mimpen to obtain an estimate of the SRT. With this procedure, the presentation levels are decreased by 2 dB after correct repetition of the whole sentence, and increased by 2 dB after an incorrect response. This technique results in a standard deviation in the SRT of only 1 dB for NH.II Noise levels of 65 dBA were used. Subjects 10, 12, 13, and 14, who exhibited a greater loss, were also tested at noise levels of 75 and 85 dBA. All measurements were Subject 0.5 kHz 1 kHz 2 kHz carried out in a sound-treated room. The subjects were not paid for their participation. Figure 2 shows the pure tone thresholds and loudness discomfort levels on an individual basis. No substantial air-bone gaps were found. Ordering of the results is based on the subjects' chronological ages. In contrast to the American subjects," the Dutch subjects showed a rather strong decrease in hearing sensitivity with age. Subjects 1 through 11 experienced little difficulty in carrying out the tests, in contrast to subjects 12, 14, and especially 13, who showed rather variable results on most tests. Therefore, data for the 3 oldest subjects (12, 13, and 14) will be presented separately.
RESULTS
Stapedial reflex thresholds obtained with ipsilateral stimulation are shown in the Table. Most acoustic reflex thresholds appear elevated, most notably at 2 and 4 kHz. The average acoustic reflex threshold in NH and in cochlear loss up to 50 dB hearing level (HL) is around 85 dB HL with an interindividual standard deviation of 7 dB; at 0.5 and 1 kHz, the upper 90th percentile is at or slightly above 100 dB HL.18 Reflex decay, measured with either ipsilateral or contralateral stimuli, was absent in all subjects, in agreement with a cochlear disorder.
A click-evoked otoacoustic emission was found only in subject 3 (2 to 6 kHz); distortion-product emissions were found in subject 1 (l to 6 kHz), subject 2 (5 kHz), subject 3 (2 to 6 kHz), subject 6 (4 to 6 kHz), subject 9 (2 to 5 kHz), and subject 14 (2 kHz). Emissions are expected to appear in regions of hearing sensitivity equal to or more favorable than about 25 dB HL.14 In subjects 2, 6, 7, 8, and 9, cIickevoked emissions were absent, despite their rather favorable hearing thresholds. Apparently, in our subject group a discrepancy exists between the occurrence of emissions and the amount of sensorineural loss.
Loudness growth functions as obtained with a 7point categorical scale are shown in Fig 3 16,19 ,20 for both 500-Hz and 2-kHz pure tone stimuli. Loudness growth for NH subjects as indicated with the dashed line is linearly interpolated from the threshold for NH and loudness discomfort level (loudness category 7) at 100 to 105 dB HL.19.20 Cox et apo show convex loudness growth curves; our measurements with NH subjects did not corroborate their findings. Therefore, we prefer to represent loudness growth curves for NH as straight lines. In hearing loss exceeding 40 dB HL, a correction of half the loss minus 40 dB should be added to the loudness discomfort level for NH.19 Subjects 1 through 11 exhibited at 500 Hz and 2 kHz loudness growth functions that are quite paral- Data for the DLf measured at 500 Hz and 2 kHz are shown in Fig 5, together with data of 7 NH subjects who also participated in the gap detection experiment. The interindividual standard deviations of the NH subjects amounted to 0.2% and 0.3% for 500-Hz and 2-kHz stimuli, respectively. In most subjects, near-normal data were found, except for subject 13. It is not clear whether the poor DLf in this subject should be attributed to difficulty in performing the task or whether it is characteristic of her relatively poor hearing.
Sentence perception in quiet and in noise appeared to be a relatively easy task for most subjects, with the exception of subjects 12 and 14, who showed highly variable test-retest data. As expected from the literature." speech perception in quiet followed the average loss at 0.5, 1, and 2 kHz quite closely (data not shown). The SRTs in noise as expressed as a signal-to-noise ratio are shown in Fig 6. Only the SRTs of subjects 5, 7, 12, 13, and 14 fell outside the confidence interval of -5.4 ± 2 dB signal-to-noise ratio forNH.!7 DISCUSSION Tone audiometry revealed a predominant loss for the low and middle frequencies with relatively favorable thresholds at 2 and 4 kHz for subjects 1 through 9. In agreement with an earlier study, quite substantial interindividual differences existed-? The elderly sub-jects, 10 through 14, exhibited an additional highfrequency loss. Correcting for presbycusis with the 50th percentile of the ISO 7029 standard 23 may only partially explain the high-frequency loss. Characteristic of this family is the progression of the hearing loss toward high frequencies. This may be due to a separate genetic trait.
The lack of click-evoked otoacoustic emissions in all subjects but one with 1 or more pure tone thresholds at or better than 25 dB HL is noteworthy. The absence of otoacoustic emissions points to an impaired contribution of outer hair cells in the transduction of mechanical vibration to neural activity. This dysfunction may be attributed to a reduced mobility of the outer hair cells or to an impaired mechanical transfer of forces exerted by the outer hair cell onto the tectorial membrane.
For all subjects, the acoustic reflex thresholds appear elevated, especially at 2 and 4 kHz. Again, this finding points to (mechanical) impairment of the forces exerted by the outer hair cells. The absence of reflex decay is consistent with a cochlear disorder.
The loudness growth curves were for most subjects parallel to those for subjects with NH. The parallel shift seems in line with the elevated acoustic reflex thresholds found in most subjects. The shift is generally indicative of hearing loss with a major conductive component. The same type of shift can be found in conductive loss due to middle ear dysfunc- tion. Notice, however, that middle ear involvement can be ruled out, because all subjects showed a negligible air-bone gap. For most of the younger subjects, the suprathreshold measures such as DLf and gap detection fell in the (near-)normal range. That the performance of the older subjects (12,13, and 14) was consistently poorer than that of subjects 1 through 11 suggests an additional detrimental effect of presbycusis for this trait.
Speech perception in noise ( Fig 6) revealed perhaps the most remarkable finding of this study: the younger subjects exhibited (near-)normal SRTs in noise despite their moderate hearing loss. Apparently, in these subjects the suprathreshold signal analyzing capacities are not compromised by a (moderate) hearing loss.
The results of our test battery correspond for the younger subjects to a conductive type of hearing loss.
Interestingly, the conductive loss is due not to middle ear dysfunction, but to impaired cochlear transduction. The hypothesis of a cochlear conductive loss is most strongly supported by the data on loudness growth and speech perception in noise. Anecdotally, the majority of our young subjects reported few problems with hearing in general. The main complaint was a difficulty in perceiving soft and whispered speech or following quiet conversations from greater distances. Most subjects report little difficulty with speech perception in noise in daily life, despite their hearing loss. Impaired perception of speech in quiet and normal speech perception in noise resembles strongly the "paracusis Willisii" phenomenon found in conductive loss with middle ear involvement. The subjective reports from our patients corroborate our findings of elevated detection thresholds and (near-)normal SRTs in noise.
As mentioned earlier, mice deficient in colll a2 exhibit a loss of organization of collagen fibrils in the tectorial membrane that especially affects outer hair cell function. Recent cochlear theories claim that outer hair cell activity is crucial for perceiving low-level sounds, thus extending the dynamic range in NH. In general, a loss of outer hair cell function greatly reduces the analyzing power of the cochlea. This will have strong deleterious effects on perceiving signals under adverse listening conditions such as speech in noise or in reverberation.
In DFNA13/COLlIA2 hearing loss, the dynamic range is shifted toward higher presentation levels, but suprathreshold functions present rather normal properties. This finding implies that a change in mechanical properties of the tectorial membrane results mainly in an attenuation of signal energy in the cochlea, and only in some degradation ofthe cochlea's analyzing capacities.
One may thus hypothesize that a decrease in stiffness of the tectorial membrane results only in a shift in working point of the outer hair cells: the effect is maximal at low sound levels and much more reduced at high sound levels. Apparently, at higher sound levels the outer hair cells can still exert sufficient forces on a more flexible tectorial membrane for amplifying basilar membrane movements. The effects ofDFNA-13/COLlIA2 are vastly different from those of mechanical presbycusis. In the latter, changes in the basilar membrane have a strong effect on suprathreshold hearing characteristics, such as relatively poor speech discrimination. 12 However, the effect on speech discrimination in mechanical presbycusis is confounded by reduced audibility of high-frequency speech information caused by the sloping high-frequency loss. A second difference is that in mechanical presbycusis the high frequencies (basal cochlear turn) are most strongly affected, whereas our subjects experienced predominantly a middle-frequency hearing loss.
In looking at the strong similarities between our data and those of middle ear conductive loss, we conclude that DFNA13/COLlIA2 indeed results in a cochlear conductive loss. The main effect of this trait is a loss in hearing sensitivity at the middle frequencies with only relatively minor effects on suprathreshold hearing characteristics.
